A new ab initio potential energy surface for the collisional excitation of HCN by para-and ortho-H2 J. Chem. Phys. 139, 224301 (2013) We present a new four-dimensional (4D) potential energy surface for the HCl-H 2 van der Waals system. Both molecules were treated as rigid rotors. Potential energy surface was obtained from electronic structure calculations using a coupled cluster with single, double, and perturbative triple excitations method. The four atoms were described using the augmented correlation-consistent quadruple zeta basis set and bond functions were placed at mid-distance between the HCl and H 2 centers of mass for a better description of the van der Waals interaction. The global minimum is characterized by the well depth of 213. 
I. INTRODUCTION
The van der Waals interactions of hydrogen chloride (HCl) molecules with rare gas, [1] [2] [3] [4] [5] small molecules, [6] [7] [8] [9] and hydrocarbons 10, 11 have been the object of detailed and careful theoretical and experimental studies over the past 30 years. Systematic investigations of the complexes of HCl with Xe, Kr, Ar, He, and Ne or with small hydrocarbons such as CH 4 , C 2 H 2 , or C 2 H 4 have yielded considerable information on structure and internal dynamics of van der Waals complexes.
Indeed, the understanding of weak intermolecular interactions is a long-standing goal in chemical physics. Van der Waals complexes are supposed to play a crucial role in many cases (intermediates in chemical reactions, intermediates between condensed and gas phase, ...) and their understanding is necessary to analyze many phenomena of importance for various fields such as fundamental chemistry, astrophysics, atmospheric physics, or biochemistry. In this context, the complexes of HCl with rare gases or molecules have played a central role in the understanding of van der Waals interactions.
HCl molecule can also be considered as a prototype for the study of inelastic collisions of diatomic species with rare gases and small molecules. Indeed, the large rotational energy level spacings of HCl for the rotational transitions make these systems well suited for state resolved scattering experiments as well as for quantum scattering calculations. Ro-vibrational energy transfer in HCl due to collisions with rare gas 4, [12] [13] [14] [15] [16] a) francois.lique@univ-lehavre.fr and with small molecules like H 2 O, 6 , 17 N 2 , 18 or CH 4 18 have been generally studied both theoretically and experimentally. Surprisingly, the HCl-H 2 van der Waals complex has been the object of very few theoretical or experimental studies. To the best of our knowledge, the HCl-H 2 complex has been only studied experimentally by Anderson et al. 19 and simple ab initio calculations have been performed by Alkorta et al. 20 in order to determine the equilibrium structure of the complex. Indeed, using high resolution infrared spectroscopy, Anderson et al. 19 found a T-shaped minimum energy configuration for the HCl-H 2 intermolecular potential which is confirmed by the theoretical study of Alkorta et al. 20 However, no global potential energy surface (PES) was computed for this system.
To the best of our knowledge, no state-to-state studies of inelastic collisions of HCl with H 2 have been performed, whereas it is crucial for modeling the kinetics of many media. In addition, it is also of great interest from fundamental point of view. Indeed, for this complex, we can expect to observe near resonant energy transfer process, such as in HF-H 2 collisions, 21 since the energy spacing between H 2 and excited HCl rotational states is similar. Near resonant energy transfer process can be an important, often dominant, rotational energy transfer pathway at low temperatures. Applications of near resonant energy transfer process are everywhere. For example, mechanisms based on resonant energy transfer are engaged for laser frequency conversion.
From the astrophysical point of view, HCl molecule is of particular interest. The HCl molecule was first identified by Blake et al. 22 in Orion Molecular Cloud 1 (OMC1) and the HCl lines can be used to trace the regions of very dense gas. 23 Recently, HCl was observed in a protostellar shock and carbon-rich star IRC+10216 with the heterodyne instrument for the far-infrared (HIFI) spectrometer 24, 25 leading this molecule as a possible tracer of such a region. An accurate determination of HCl abundance in the interstellar medium (ISM) from spectral line data requires collisional rate coefficients with most abundant interstellar species, the H 2 molecules. Without these rates, only approximate estimates of the molecular abundance are possible assuming local thermodynamic equilibrium (LTE), which is generally not a good approximation.
In this paper, we present the calculation of a new global four dimensional (4D) PES for the ground electronic state of the HCl-H 2 collisional system. Then, using this new PES, rotational excitation of HCl with both para-H 2 and ortho-H 2 is studied. Collisional cross-sections for the first 11 rotational levels of HCl in collision with H 2 ( j = 0-2) are reported for total energies up to 2500 cm −1 . The paper is organized as follows: Section II describes the calculation of the potential energy surface. Section III contains a concise description of the scattering calculations and in Sec. IV, we present and discuss our results.
II. POTENTIAL ENERGY SURFACE
In the present work, we focus on low/moderate temperature collisions so that vibrational excitation does not occur. The collision partners may thus be considered as rigid, i.e., we neglect effects of the vibrations of the HCl and H 2 molecules.
A. Ab initio calculations
As shown before by Jankowski and Szalewicz, 26 a better description of the intermolecular potential is obtained by setting the molecular distance at its average value in the ground vibrational level rather than at the equilibrium distance. Accordingly, we used bond distance r H-H = 1.45 a 0 for H 2 and r H-Cl = 2.43 a 0 for HCl. The body-fixed Jacobi coordinates system used in calculations is presented in Fig. 1 . The geometry of the HCl-H 2 complex is characterized by three angles θ , θ , and ϕ, and the distance R between the centers of masses of H 2 and HCl. The polar angles of the HCl and H 2 molecules with respect to z-axis that is defined to coincide with R are denoted by, respectively, θ and θ , while ϕ denotes the FIG. 1. The body-fixed Jacobi coordinates system for the HCl-H 2 complex. dihedral angle, which is the relative polar angle between half-planes containing the HCl and H 2 bonds.
Ab initio calculations of the PES of HCl(X 1 + )-H 2  van der Waals complex were carried out at the coupled  cluster with single, double, and perturbative triple excitations [CCSD(T)] 27, 28 level of theory using the MOLPRO 2010 package. 29 In all calculations of the interaction potential V (R, θ, θ , ϕ), the basis set superposition error (BSSE) was corrected at all geometries with the Boys and Bernardi counterpoise scheme: (1) where the energies of the HCl and H 2 subsystems are computed in a full basis set of the complex.
To achieve a good description of the charge-overlap effects, the calculations were performed in the rather large augmented correlation-consistent quadruple zeta (aVQZ) basis set 31 augmented with (3s, 2p, 1d) bond functions defined in Ref. 32 and placed at mid-distance between the HCl and H 2 centers of mass.
It is clear that the addition of bond functions to the aVQZ basis set produces results similar in accuracy to those obtained from a complete basis set (CBS) extrapolation as we have shown recently in our work on O 2 -H 2 .
33, 34 Then, we can be confident in the accuracy of the inelastic cross sections that will be obtained with this PES.
The calculations were carried out for angle θ from 0
• to 180
• with a step of 15
• , for angle θ from 0
• , and for angle ϕ from 0
• to 90
• with a step of 30
• . R-distances were varied from 3.5 to 50 bohrs giving 39 points on a radial grid.
B. Analytical representation
For the solution of the close-coupling scattering equations, it is most convenient to expand, at each value of R, the interaction potential V (R, θ, θ , ϕ) in a basis of bispherical harmonics. For the scattering of two linear rigid rotors, we have used the expansion of Green:
The basis functions A l 1 ,l 2 ,l (θ, θ , ϕ) are products of associated Legendre polynomials P lm :
where ....|.... is a Clebsch-Gordan coefficient. Here indexes l 1 , l 2 are associated, respectively, with the rotational motion of HCl and H 2 . In Eq. (2), the homonuclear symmetry of hydrogen molecule forces the index l 2 to be even. To obtain the expansion described above, at each point of the radial grid R, we have fitted the ab initio points using a linear least squares method with l max 1 = 12 and l max 2 = 6. The choice of such expansion parameter gives in total 174 radial expansion coefficients v l 1 ,l 2 ,l (R). Such an expansion is enough large to accurately describe the interaction potential. It fits the long-range part with an average relative error less than 0.01%, the region of potential well ∼0.1% and the repulsive wall ∼1%.
Analytical representation of the radial coefficients in the present work has a piecewise form:
where the linking points were chosen to be R 1 = 10.0a 0 and R 2 = 14.0a 0 . The coefficients a n and c n were optimized using least-square fitting to ab initio points, and coefficients b n were obtained at the condition that the functions from the left and from the right side of each linking point and their first derivatives are equal at linking points. The analytical representation of the PES is available from the authors upon request.
C. Features of the potential energy surface
The global minimum of the 4D PES corresponds to the Tshape structure with the H 2 molecule on the H side of the HCl molecule: θ = 180
• , θ = 90
• , and R = 6.75 a 0 with a well depth of E = −213.38 cm −1 . This finding is in good agreement with the experimental one of Anderson et al. 19 which concludes that the T-shape HCl-H 2 is the most stable geometry of the complex. A secondary minimum corresponds also to a T-shape geometry but for H 2 molecule on the Cl side with θ = 0
• , R = 6.29 a 0 , and E = −99.09 cm −1 . In Fig. 2 , we show the contour plot of the interaction energy for θ and ϕ fixed at the equilibrium value. This plot shows the anisotropy of the interaction with respect to the HCl Figure 4 shows the interaction energies for fixed R = 6.75 a 0 and ϕ = 0
• . Here again, we found a relatively strong anisotropy of the PES with respect to these two Jacobi angles. Therefore, we can anticipate that rotational state of H 2 will significantly influence the magnitude of the HCl excitation cross sections.
Finally, in Fig. 5 , we show the anisotropy of the interaction with respect to the dihedral angle when plotting the cut of the PES for fixed HCl and H 2 Jacobi angles (θ = 120
• and θ = 30
• ). We can see that the repulsive part is fairly isotropic,
θ′ ( whereas the attractive part depends significantly on the ϕ angle.
We have also performed analytical calculations of interaction energy on the base of multipolar expansion from classical electrodynamics. In long-range approximation, 36 the total interaction energy of two subsystems is considered as a sum of electrostatic (E elec ), induction (E ind ), and dispersion (E disp ) interaction energies:
For the HCl-H 2 complex, these contributions from R −4
through the order R −8 have the following form: 
Here α = 1/3(α xx + α yy + α zz ) is a mean polarizability. Superscripts A and B denote molecules HCl and H 2 , respectively. Definitions of multipole moments and polarizabilities are presented in Table I 
and is symmetric relative to the permutation of any pair of subscripts. In Eqs. (6) and (8), there is a summation over the repeated indexes and all the properties are represented in the complex coordinate system. Expression (8) was obtained in a "constant-ratio" approximation, 37 which allows to evaluate dispersion contribution through static properties of subsystems and isotropic dispersion coefficient C 0 6 . The calculated multipole moments and polarizabilities used in analytical calculations are presented in Table I . These values were obtained at the CCSD(T)/aV5Z level of theory using the finite-field method, 38 except for the isotropic C 0 6 (36.78 E h a 6 0 ) coefficient, which was calculated using the CCSD propagator method 39 with the MOLPRO routine. 40 The major contributions to the interaction energy in longrange approximation are presented in Fig. 6 for the equilibrium configuration of HCl-H 2 complex (θ = 180
• and θ = 90
• ). It is noticeable, that the electrostatic interactions are dominant for this complex. The leading electrostatic terms are the HCl dipole-H 2 quadrupole and HCl quadrupole-H 2 quadrupole interactions, which are proportional to μR −4 and R −5 , respectively. The next non-negligible term is the dispersion contribution proportional to ααR −6 . In Fig. 7 , we show the very good agreement between the CCSD(T) results and analytical calculations for different orientations of HCl and H 2 monomers. The multipolar expansion through the order R −8 represents very well the interaction energy for intermolecular separations R > 12 a 0 . For closer distances there is an overlap effect of electronic clouds of subsystems that becomes significant and the long-range approximation fails.
In order to assess the accuracy of the PES, we have performed close-coupling calculations of the dissociation energies using BOUND program. 41 The coupled equations were solved using log-derivative method of Manolopoulos. 42 The propagator step size was set to 0.01 bohr in order to converge the bound states. The basis describing the rotation of HCl and H 2 molecules included 18 and 5 states, respectively. The maximum propagation distance was set to 60 bohrs. Our 
The experimental dissociation energy is slightly lower than the theoretical one. This might be due to incompleteness of the atomic basis set in the ab initio calculations.
III. SCATTERING CALCULATIONS
The main focus of the present paper is the use of the fitted HCl-H 2 PES to determine rotational excitation and deexcitation cross sections of HCl by H 2 . Although HCl has a non zero nuclear spin (I = 3/2), we have neglected in the scattering calculations the hyperfine structure of the molecule. Results including the hyperfine structure will be presented elsewhere.
A. Details of calculations
Scattering calculations were performed with the MOLSCAT program 43 using the close coupling approach (CC). 35 Although Coupled states (CS) 44 and infinite order sudden (IOS) 45 approximations are less expensive in terms of computing time, these methods are not accurate enough for the HCl-H 2 collisional system, since the collision involved two light molecules. The log-derivative propagator of Manolopoulos 42 was used to solve the coupled equations. Calculations were carried out for total energies ranging from 0.5 to 2500 cm −1 for collisions of HCl with para-H 2 and ortho-H 2 . The integration parameters were chosen to ensure convergence of the cross sections in this range. The reduced mass was 1.9087 u. In this paper j 1 and j 2 designate the rotational levels of HCl and H 2 , respectively, and we were interested in the following process:
We considered transitions between the first 11 ( j 1 = 0-10) rotational states of HCl and between the first 3 ( j 2 = 0-2) rotational states of H 2 . In order to ensure convergence of the cross sections with respect to the rotational basis of HCl, calculations were performed with at least five closed channels at each energy. One of the main difficulties for the rotational excitation of HCl by H 2 , in terms of computing time, is to consider the rotational structure of both HCl and H 2 molecules. The H 2 rotational momentum couples with the HCl rotational momentum and it leads rapidly to a huge number of channels in the scattering calculations. Hence, it is very important to optimize the rotational basis of H 2 in order to keep the calculations feasible. Tests for the para-H 2 and ortho-H 2 basis were performed at different values of the total energy. Convergence results are presented in Tables III and IV for para-and ortho-H 2 , respectively. For collisions with para-H 2 ( j 2 = 0), it was found that inclusion of the H 2 ( j 2 = 2) channel is needed to obtain convergence at more than 50%, whereas the H 2 ( j 2 = 4) channel was found to affect cross sections by less than 5%. The same is true for collisions with H 2 ( j 2 = 2). Hence, we have retained, for the determination of rotational excitation cross section of HCl in collision with para-H 2 , only the H 2 ( j 2 = 0, 2) rotational basis. For ortho-H 2 ( j 2 = 1), it was found that inclusion of the H 2 ( j 2 = 3) channel is needed to obtain convergence at more than 10%, whereas the H 2 ( j 2 = 5) channel was found to affect cross sections by less than 5%. Thus, for the determination of rotational excitation cross TABLE IV. Influence of the ortho-H 2 rotational basis on convergence of cross sections (Å 2 ) for selected transitions and for 4 total energies. The numbers in parenthesis indicate the H 2 rotational basis. 
IV. RESULTS
Using the computational scheme described above, we have computed the rotational excitation cross sections of HCl in collision with both para-H 2 and ortho-H 2 . Figure 8 presents the typical variation with collisional energy (E c ) of the HCl-H 2 cross sections for j 1 =1, with H 2 in its j 2 = 0, 1, and 2 rotational states (including the possible de-excitation of para-H 2 during the collision). First of all, at low collisional energies, we can observe many resonances (for E c ≤ 200 cm −1 ). These resonances in the de-excitation cross sections are related to the presence of the attractive potential well with a depth of −213.38 cm −1 at the T-shaped geometry. This well allows the H 2 molecule to be temporarily trapped there and hence quasi-bound states to be formed before the complex dissociates. 46, 47 This is why resonances appear when the collision energies are lower than the well depth and vanish once the energy is large enough compared to the well depth. We note that they are much more pronounced in the case of collisions with H 2 ( j 2 = 0) than in the case of collisions with the other states of H 2 (see also Fig. 9) . Indeed, the energy dependent de-excitation cross sections for HCl de-excitation in collision with para-H 2 ( j 2 = 2) and ortho-H 2 ( j 2 = 1) appear to have a smoother energy dependence than the cross sections for collision with para-H 2 ( j 2 = 0). This is a result of the fact that there are many more, and hence overlapping, resonances for H 2 ( j 2 ≥ 1) than for para-H 2 ( j 2 = 0). Therefore, the resonance features are mostly washed out for H 2 ( j 2 ≥ 1).
Then, Fig. 8 shows that the cross sections for collisions with H 2 ( j 2 = 1) and H 2 ( j 2 = 2) are qualitatively and quantitatively similar. This trend has been also observed for SiS-H 2 48 or HNC-H 2 . 49 Furthermore, cross sections with H 2 ( j 2 = 1 and 2) are larger than the ones with H 2 ( j 2 = 0) as already found for H 2 in collision with HNC, 49 SiS, 48 HF, 21 or H 2 O. 50 The origin of these behavior can probably be explained by looking at the radial coefficients v l 1 ,l 2 ,l (R) of Eq. (2). The radial coefficients contributing mainly to cross sections with j 2 → j 2 transitions are those with l 2 in the range |j 2 − j 2 | < l 2 < |j 2 + j 2 |. Hence, for collisions with ortho-H 2 ( j 2 = 1), only the l 2 = 0, 2 terms contribute, whereas for collisions with para-H 2 ( j 2 = 2), the l 2 = 0, 2, 4 terms contribute. This means (and we checked it by inspecting the radial coefficients) that the radial expansion terms with l 2 = 4 are significantly lower than the one with l 2 = 0, 2. Using the same explanation, the radial coefficients with l 2 = 2 are not negligible compared to the one with l 2 = 0, since the cross sections for collisions with H 2 ( j 2 = 1) are significantly larger than the ones for collisions with H 2 ( j 2 = 0). We note that the differences between para-H 2 ( j 2 = 0) and ortho-H 2 ( j 2 = 1) are more pronounced in the case of light hydrides molecules than in the case of heavier target.
Finally, as expected, the transitions with a change in j 2 are several orders of magnitude lower than the other ones as already observed in the collisional systems mentioned above. Figure 9 shows the behaviour of the cross sections with increasing j 1 , for para-H 2 ( j 2 = 0) (upper panels) and ortho-H 2 ( j 2 = 1) (lower panels). The magnitude of the cross sections decreases with increasing j 1 , which is the usual trend. With increasing collisional energy, the magnitude of the cross sections for the different j 1 tends to be closer whatever the rotational state of H 2 is. This behaviour is expected and observed for many systems like HNC-H 2 , 49 SiS-H 2 , 48 and O 2 -H 2 . 33 Indeed, large j 1 are most probable at high collisional energies than at low collisional energies.
Then, we were interested in the propensity rules in the HCl-H 2 collisional system. Figure 10 shows, at 3 different collisional energies (10, 300, and 1000 cm −1 ), the rotational de-excitation cross sections from HCl( j 1 = 5), for both para-H 2 ( j 2 = 0) (upper panel) and ortho-H 2 ( j 2 = 1) (lower panel). One can notice that for each energy, transitions with j 1 = 1 are larger than the j 1 = 2 and transitions with j 1 = 3 are larger than the j 1 = 4. This propensity in favor of odd j 1 transitions is particularly pronounced for para-H 2 and at low collisional energies.
In our case, HCl is an heteronuclear diatomic molecule that induces a significant anisotropy of the PES in regard with H 2 approach, as shown on the PES cut in have the same propensity rules than for HCl-H 2 . But for several other systems, the propensity rules depend on H 2 species (para-and ortho-H 2 ). For example CO-H 2 exhibits a propensity for odd j 1 with para-H 2 and for even j 1 with ortho-H 2 . SiS, 48 HF, 21 and CN 53 have also this kind of H 2 species dependence. The reason for this behaviour is that the PES of these systems have a different anisotropy for para-H 2 and ortho-H 2 collisions.
Finally, Fig. 11 shows some cross sections for different transitions out of j 1 = 7. One can observe that the transition HCl( j 1 = 7) + H 2 ( j 2 = 2) → HCl( j 1 = 9) + H 2 ( j 2 = 0) is the dominant transition at low and intermediate energies.
This behavior could be surprising. Indeed, for this transition, there is a change of both HCl and H 2 rotational states that should normally lead to a small to negligible cross section (See Fig. 8 ). Actually, this transition is even among the most favorable transitions. This behavior can be explained by noticing that the level HCl( j 1 = 7) + H 2 ( j 2 = 2) channel is energetically close of the HCl( j 1 = 9) + H 2 ( j 2 = 0) one ( E = 3.6 cm −1 ) as we can see it on Fig. 12 that presents the diagram of the energy levels of HCl and H 2 . Such an effect is called near-resonance energy transfer and shows the importance of including j 2 = 2 in the basis of para-H 2 . This effect is also at the origin of the high magnitude of HF-para-H 2 21 cross sections with a change of both HF and H 2 rotational state. It is also observed in spin-orbit relaxation of Cl Cl atom. Such effects also occur for ro-vibrational transition such as in H 2 -H 2 collisions where inelastic collisions that involve small changes in the internal energy are found to be highly efficient. 55 The effectiveness of these quasi-resonant processes increases with decreasing collision energy and they become highly state-selective at ultracold. We also expect that such effect should be at work for collision with ortho-H 2 but for higher excited states of HCl not considered in this work. However, this resonance mechanism is particularly selective, as it works for small j 1 transitions and then can expected to be observed only for molecules with small moment of inertia.
It is also of some interest to compare present results with the HCl-He rate coefficients obtained recently by some of us, 4 since collisions with helium are often used to model collisions with para-H 2 ( j = 0). 56 It is generally assumed that rate coefficients with para-H 2 ( j = 0) should be about 50% larger than He rate coefficients owing to the smaller collisional reduced mass and the larger size of H 2 . Lanza and Lique 4 have calculated inelastic cross sections and rate coefficients for HCl-He. They have found the same propensity rules in favor of odd j 1 transitions for HCl, but the magnitude of the cross sections is very different. Cross sections for collisions with H 2 are significantly larger than cross sections for collisions with He, especially at low collisional energies (≤300 cm −1 ) where the difference can be up to a factor of 10. We could explain these differences by looking at the well depth of the corresponding PES: HCl-He well depth is −31.96 cm −1 , whereas HCl-H 2 well depth is −213.38 cm −1 . Then, for hydrides molecules, it confirms that He cannot be used as a model for H 2 as already found for HF 21 or H 2 O.
50

V. CONCLUSION
We have computed the 4D PES for HCl-H 2 van der Waals system at the CCSD(T) level of theory with a large aVQZ basis set augmented with bond functions. The potential was expanded in bispherical harmonics. The global minimum ( E = −213.38 cm −1 ) corresponds to a T-shape geometry with H 2 molecule reaching H-atom of the HCl molecule, whereas a secondary minimum ( E = −99.09 cm −1 ) also corresponds to a T-shape geometry but with H 2 molecule reaching Cl-atom of the HCl molecule. The calculated dissociation energy of the ortho-H 2 complex (D 0 = 42.3 cm −1 ) is in a good agreement with the experimental value of 45 ± 2 cm −1 . 19 The para-H 2 complex is found to be less bound than ortho-H 2 with a calculated value of dissociation energy of 34.7 cm −1 . Scattering calculations were performed using this new accurate PES. The results can be summarized as follows:
r We found a selective near-resonance energy transfer mechanism that highly increases the magnitude of the cross sections when two channels are energetically close. Such effect is observed for the HCl( j 1 = 7) + H 2 ( j 2 = 2) → HCl( j 1 = 9) + H 2 ( j 2 = 0) transitions.
r We have found that the inelastic cross sections depend on the H 2 rotational level. The cross sections for collisions with para-H 2 ( j 2 = 0) are smaller than the ones for collisions with H 2 ( j 2 = 1, 2). We have also found that the H 2 ( j 2 = 2) → H 2 ( j 2 = 0) de-excitation cross sections are 2-3 orders of magnitude smaller than j 2 conserving inelastic cross sections, whatever the HCl rotational transitions are (except for the nearresonance energy transfer mechanism mentioned above).
r For both para-and ortho-H 2 collisions, we found a strong propensity rules in favor of odd j 1 , which is the typical trend for highly anisotropic PES.
Finally, it has been shown [57] [58] [59] that modeling studies based on inaccurate collisional excitation data can lead to important errors in the determination of molecular abundances in interstellar molecular clouds. Up to now, the HCl-He rate coefficients (as a model for HCl-H 2 rate coefficients) were used to interpret HCl emission from the ISM. Taking into account the significant differences between HCl-He and HCl-H 2 collisional data, we expect that the present set of data will help to enable more accurate modeling of HCl-H 2 collisions in astrophysical environments.
